C ystic fibrosis (CF) is an autosomal recessive condition caused by mutations in the CF transmembrane regulator (CFTR) gene. It is widely recognized that CF is a variable condition that may affect the respiratory tract, pancreas, intestine, male genital tract, hepatobiliary system and exocrine sweat glands, resulting in complex multisystem disease. It is the most common life-limiting autosomal recessive disorder in the Caucasian population, with an incidence of 1:3200 live births. CF occurs with lower frequency in other ethnic and racial populations (1:15,000 in African Americans and 1:31,000 in Asian Americans) (1) .
Newborn screening for CF is becoming more prevalent based on improved health outcomes of children diagnosed through these programs (1) . Individuals with CF detected by newborn screening programs have improved nutritional status, better growth, improved lung function and fewer hospitalizations (2, 3) . Medical costs are also reduced due to decreased hospitalizations and diagnostic costs (2) .
Alberta was the first Canadian province to add CF to its newborn screening program.
Following a one-year CF newborn screening pilot study, the provincial government established an expert panel who recommended the introduction of expanded newborn screening (4, 5) . As of April 1, 2007 , newborns born in Alberta are screened for 16 metabolic and endocrine disorders, in addition to CF. We will describe the Alberta protocol and our experience during the first two years of CF newborn screening.
Methods
The Alberta CF newborn screening protocol involves a two-tier algorithm involving an initial immunoreactive trypsinogen (IRT) measurement followed by molecular analysis of samples with elevated IRT values. Subsequent sweat chloride testing and clinical assessment are performed when indicated (Figure 1 ). On April 1, 2007, Alberta became the first province in Canada to introduce cystic fibrosis (CF) to its newborn screening program. The Alberta protocol involves a two-tier algorithm involving an immunoreactive trypsinogen measurement followed by molecular analysis using a CF panel for 39 mutations. Positive screens are followed up with sweat chloride testing and an assessment by a CF specialist. Of the 99,408 newborns screened in Alberta during the first two years of the program, 221 had a positive CF newborn screen. The program subsequently identified and initiated treatment in 31 newborns with CF. A relatively high frequency of the R117H mutation and the M1101K mutation was noted. The M1101K mutation is common in the Hutterite population. The presence of the R117H mutation has created both counselling and management dilemmas. The ability to offer CF transmembrane regulator full sequencing may help resolve diagnostic dilemmas. Counselling and management challenges are created when mutations are mild or of unknown clinical significance. Initially, samples with IRT concentrations above the 98th percentile of each daily run were referred to the Alberta Health Services Molecular Diagnostic Laboratory (MDL; Edmonton) for CFTR mutation analysis. This was modified for two reasons. First, IRT concentration is dependent on the patient's age at sample collection. For samples collected between 24 h and 30 h of age, the 98th percentile cut-off for IRT was 65.1 µg/L, while for samples collected between 31 h and 160 h of age, the 98th percentile cut-off for IRT was 60.2 µg/L. Second, daily runs incorporating a large number of newborns from the neonatal intensive care unit had a higher 98th percentile value. The current algorithm uses the 98th percentile cut-off; however, CFTR mutation analysis is performed on any sample with an IRT greater than 60 µg/L. tier 2: dNA Blood spot dNA extraction: DNA extraction from the newborn screen card is performed using the Generation Capture Card Kit (QIAGEN Inc, USA) as per the manufacturer's instructions. A 3 mm disk is punched from the blood spot card; DNA is then extracted from this punched spot. The immobilized DNA is washed multiple times, and then eluted and used for polymerase chain reaction amplification and mutation detection.
Mutation testing
Mutation identification is performed using the Tag-It Cystic Fibrosis Kit (Luminex Molecular Diagnostics Inc, USA), which simultaneously screens for the 23 CFTR gene mutations, as recommended by the American College of Medical Genetics and the American College of Obstetricians and Gynecologists in 2004, plus 16 of the world's most common and North American-prevalent mutations. These include the following mutations: delF508, I507del, G542X, G85E, R117H, 621+1G→T, 711+1G→T, G551D, R334W, R347P, A455E, 1717-1G→A, R560T, R553X, N1303K, 1898+1G→A, 2184delA, 2789+5G→A, 3120+1G→A, R1162X, 3659delC, 3849+10kbC→T, W1282X, 1078delT, 394delTT, Y122X, R347H, V520F, A559T, S549N, S549R, 1898+5G→T, 2183AA→G, 2307insA, Y1092X, M1101K, S1255X, 3876delA and 3905insT. If indicated, testing includes reflex analysis for the following variants: 5/7/9T exon 9 splice acceptor tracts, F508C, I507V and I506V. Molecular analysis of parents is recommended when R117H and 5 thymine (5T) are identified to assess phase. When required, full screening of the CFTR gene is performed by forward and reverse sequencing the entire coding region and flanking intron boundaries (primers available on request). Detection of deletions and duplications is performed using the multiplex ligation-dependent probe amplification assay (MRC-Holland), and all positives are confirmed using TaqMan (Applied Biosystems, USA) real-time polymerase chain reaction.
Interpretation of positive screens CF-positive newborns are reported as having either an inconclusive screen or probable CF. Newborns are reported to have an inconclusive screen if they fall into one of the following three categories: an elevated IRT and one mutation; a markedly elevated IRT and no mutations; or an elevated IRT and two mutations, in which the second mutation is R117H without 5T. Newborns with an elevated IRT and two mutations (excluding R117H without 5T) are reported as having probable CF. A genetic counsellor, employed within the MDL, contacts the ordering or family physician indicated on the newborn screen card to discuss each positive result. The newborns are generally three to four weeks of age when the results are reported to the physician. The ordering or family physician is then responsible for contacting the family and referring the child to one of the two CF clinics in Alberta (Edmonton or Calgary) for sweat chloride testing and clinical assessment.
Follow-up for newborns with positive screens
All newborns with a probable or inconclusive CF screen are referred for sweat chloride testing at one of two sweat chloride laboratories in Alberta. Sweat chloride testing is generally performed when infants are between four and six weeks of 
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CF carrier, unlikely to have classic CF A clinical assessment is completed by the CF team the same day that the sweat chloride testing is performed. Sweat chloride results are reported to the family by the CF team either the same day or the following day. Newborns with an abnormal sweat test result are closely followed by one of the two CF teams. Newborns with one mutation and an abnormal or borderline sweat chloride test have blood drawn for full screening of the CFTR gene by the MDL genetic counsellor. Routine paediatric care is recommended for newborns with a negative sweat chloride test and one mutation.
Clinical follow-up data are subsequently reported back to the newborn screening program by the CF teams.
Genetic counselling, through one of the two medical genetics clinics in Alberta, is offered to the parents of all newborns with a positive CF screen. This generally takes place at a later date. Genetic counselling is also available to extended family members. If the family lives outside of one of the two major centres, the genetic counselling session can be conducted via telemedicine.
ResuLts
Between April 1, 2007 and March 31, 2009, 99,408 newborns born in Alberta had newborn screening performed. Of those, 2555 (2.58%) newborns had an elevated IRT value. Two hundred twenty-one newborns (8.6%) screened positive following molecular analysis. In total, 247 mutant alleles were identified. The mutation frequency is described in Table 1 .
During the first two years of the program, 198 newborns had an inconclusive screen including 191 newborns with one mutation, two newborns with markedly elevated IRTs and five newborns with R117H/delF508 genotypes ( Table 2) . One hundred eighty-one newborns (91%) had normal sweat chloride analysis and were unaffected. The two newborns with markedly elevated IRTs had negative sweat chloride tests: one baby had a pancreatic cyst and the second had necrotizing enteritis. Eight newborns were diagnosed with CF based on a combination of the sweat test results, clinical findings and CFTR full sequencing results.
Six newborns had R117H in conjunction with a second CF mutation. In all cases, the second mutation was delF508. Five of the newborns had delF508/R117H without 5T and, therefore, were reported as having an inconclusive screen for CF. These newborns had negative or borderline sweat chloride test results (Table 3) . One baby had delF508/ R117H+5T and was treated as a probable case. There were 23 newborns with probable screens. All were confirmed to be affected.
Thirteen newborns (57%) were delF508 homozygotes. Eight newborns (35%) were compound heterozygotes -one of the mutations was F508del including the baby with delF508/R117H+5T described above. One baby (4%) was a M1101K homozygote, and one was a compound heterozygote V520F/1898+1G→A.
Full CFTR screening, which includes both sequencing and dosage analysis and has a 98% detection rate, was offered to newborns with one mutation and a positive or multiple borderline sweat chloride tests. Of the newborns with inconclusive screens, four had positive sweat chloride tests. Full CFTR screening was performed on three of those newborns and a second CFTR mutation was identified ( Table 4 ). The fourth baby did not have a full CFTR screening, but had a clinical diagnosis of CF based on a sweat chloride of 110 µmol/L, poor growth and persistent cough. One baby with a family history of CF was diagnosed prenatally. An affected sibling was identified as having F508del/G458V after CFTR full sequencing. The family declined sweat testing based on the family history and prenatal test results. In addition, the baby underwent newborn screening and had an elevated IRT.
Seven newborns were found to carry one mutation with one or more borderline sweat chloride tests. All seven underwent CFTR full sequencing. A second mutation was identified in three cases and 5T was identified in one case. In three cases, a second mutation was not identified (Table 4) .
One baby had an elevated IRT of 144 µg/L (greater than the 99.9 percentile), but no mutation was detected and, thus, was reported as a negative screen. This baby was subsequently diagnosed with CF at six months of age. The baby suffered from failure to thrive and was referred to a gastroenterologist who ordered CFTR full screening. The full screening identified two rare mutations and a diagnosis of CF was confirmed. Since then, a protocol for markedly elevated IRTs (greater than the 99.9 percentile) has been put in place. A baby with an IRT level equal to or greater than 133 µmol/L is reported as having an inconclusive screen for CF, even if no mutations are detected.
dIsCussIoN
Alberta was the first province in Canada to introduce newborn screening for CF. In the first two years of the Alberta CF newborn screening program, 0.2% of the newborns screened were positive for CF with either inconclusive or probable screens. From the 39 mutation panel, we identified 24 different mutations. The individual frequency of those mutations was as expected, apart from R117H, which was more common in our study population. We also reported a 2% mutation frequency for the M1101K mutation.
The relatively high frequency of M1101K was expected based on the Hutterite population in Alberta. This mutation is believed to account for 69% of mutations in the Hutterite population (6) . Hutterites are a group of Germanspeaking communal farmers that represent a genetic isolate within Alberta with an increased incidence of CF.
The overall frequency of the R117H mutation in our sample population appears to be higher than previously reported in the literature. The R117H mutation is known to be modified by the length of the polythymine tract in intron 8. When this mutation is in cis with 5T, it acts as a classic or severe CF mutation. Whereas, when R117H is in cis with 7T or 9T, it is believed to act as a mild mutation and is associated primarily with congenital absence of the vas deferens or atypical adult-onset CF. The frequency of R117H in the literature varies from 0.5% to 0.7% of CF mutations (3, (7) (8) (9) . In our population of screen-positive newborns, the frequency of R117H was 36 of 247 mutations (14.6%). In six of 36 cases, a second CFTR mutation was detected and in 30 of 36 cases, the baby carried only the R117H mutation, with or without 5T.
Other newborn screening programs also report a high frequency of R117H in newborns with two CFTR mutations. The frequency of an R117H mutation in newborns with two CFTR mutations ranges from 7.2% in France, to 8% in Massachusetts (USA), to 26.7% in Wisconsin (USA) (2, 10, 11) . Before newborn screening, most individuals underwent molecular testing because they were symptomatic and the mutation frequencies reported in the literature were based on CF patient samples. Due to milder or absent phenotype, individuals with the R117H mutation may be underdiagnosed and the mutation frequency may be under-represented. Newborns with a genotype involving a known diseasecausing mutation and R117H create counselling and management dilemmas. We identified five newborns with a F508del/R117H genotype in the absence of 5T. All infants had normal or borderline sweat chloride results and no obvious clinical symptoms of CF. The literature suggests that these children are unlikely to have classic CF, although pulmonary symptoms have been reported (12) . In addition, there have been a number of reported cases in which Pseudomonas aeruginosa infections have been identified in children with this genotype (13) . Congenital bilateral absence of the vas deferens is also associated with the combination of a severe mutation and R117H. Unfortunately, it is not possible to offer precise outcome predictions, which is difficult to convey to families. Currently, there is no consensus on how to manage children with a F508del/R117H genotype. Because the presence of CF disease in this population is unclear, our program follows these children annually with a chest x-ray, a throat swab and an assessment by a CF specialist. The goal is to identify and treat any concerns, as early as possible, without stigmatizing the children and their families. There has been debate in the literature regarding the inclusion of R117H in newborn screen. Some authors suggest that is it unethical to include such a mild mutation (14) . Other authors argue that it has yet to be determined whether these patients are truly asymptomatic over the long term (15) .
Newborns with one mutation and borderline or positive sweat chloride tests also present a diagnostic dilemma. Although not part of the newborn screening program, full CFTR sequencing is clinically available to these families. We identified a second mutation in seven of 10 newborns, including two mutations that are associated with classic childhood onset CF (W1204X and Exon 2-3 deletion). Three mutations (D110H, L206W and 5T) were identified that are associated with a mild or variable phenotype. Two mutations (2789+1 G→A and R352W) were also identified for which no published information on clinical phenotype was available. These cases also presented challenges because we were unable to predict clinical outcome for these children. The parents of the three newborns in whom a second mutation was not identified were told that their children were unlikely to develop classic CF. The combination of sequencing and multiplex ligation-dependent probe amplification assay can detect greater than 98% of CFTR mutations; thus, this testing is able to provide important diagnostic information for many newborns (16) .
The Alberta newborn screening program has been successful -it has identified and initiated treatment for 31 newborns with CF. It is too early to determine the specificity and sensitivity of the program. We have already identified one baby with CF who was missed by the newborn screening program. It is possible that other newborns have been missed, but may have yet to develop symptoms and present to a physician. Continual tracking of outcomes through the CF newborn screening program is required to determine, in the long term, whether the program is able to identify most, if not all, newborns with classic CF. The first two years of the program have also highlighted several counselling and management challenges, which are being subjected to continued study and follow-up.
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